Although low-frequency (LF < 10 Hz) activities have been considered as a hallmark of nonrapid eye movement (NREM) sleep, several studies have recently reported LF activities in the membrane potential of cortical neurons from different areas in awake mice. However, little is known about the spatiotemporal organization of LF activities across cortical areas during wakefulness and to what extent it differs during NREM sleep. We have thus investigated the dynamics of LF activities across cortical areas in awake and sleeping mice using chronic simultaneous local field potential recordings. We found that LF activities had higher amplitude in somatosensory and motor areas during quiet wakefulness and decreased in most areas during active wakefulness, resulting in a global state change that was overall correlated with motor activity. However, we also observed transient desynchronization of cortical states between areas, indicating a more local state regulation. During NREM sleep, LF activities had higher amplitude in all areas but slow-wave activity was only poorly correlated across cortical areas. Despite a maximal amplitude during NREM sleep, the coherence of LF activities between areas that are not directly connected dropped from wakefulness to NREM sleep, potentially reflecting a breakdown of long-range cortical integration associated with loss of consciousness.
Introduction
Mammalian brain constantly adapts to internal and external conditions. One of the most obvious sign of this adaptation is the change in brain electrical activity that can easily be recorded using scalp electroencephalography (EEG), which samples the summated activity of thousands of neurons. Since the pioneer works of Berger (1929) , this technique has been extensively used to study cortical activities in relation to behavioral states in humans and different animal species (Loomis et al. 1935; Rheinberger and Jasper 1937; Moruzzi and Magoun 1949; Jouvet 1967; Steriade et al. 1993a; Hobson and Pace-Schott 2002) . Based on these EEG studies, wakefulness has been classically described as a state of global neocortical "desynchronization" dominated by low-voltage, high-frequency (HF > 20 Hz) electrical activities, whereas nonrapid eye movement (NREM) sleep has been described as a state of global neocortical "synchronization" dominated by high-voltage, low-frequency (LF < 10 Hz) activities (Lin 2000; Steriade 2000; Hobson and Pace-Schott 2002; Jones 2005; Brown et al. 2012) . Later on, it was found that HF cortical activities during wakefulness can be highly synchronous within and across cortical areas; therefore, the terms "activated" and "deactivated" were proposed to replace the terms "desynchronized" and "synchronized," respectively (Steriade et al. 1996; Destexhe et al. 1999; Steriade 2000) . In rodents, the cortical EEG conventionally recorded between the frontal and parietal cortices or the parietal cortex and the cerebellum, also shows prominent theta activity (5-10 Hz) during wakefulness (Maloney et al. 1997; Franken et al. 1998; Parmentier et al. 2002) , which may result from the diffusion of the theta oscillation generated in the hippocampus due to volume conduction (Sirota et al. 2008) . The EEG samples a very large region of the cortex and may therefore not always faithfully reflect the local neuronal activity.
Recent studies using local extracellular or intracellular recording approaches have revealed a modulation of cortical activities during wakefulness in the rodent cortex which is not as clearly observed with cortical EEG. LF, high-amplitude cortical activities have been reported in different cortical areas of awake rodents, including the primary somatosensory (Crochet and Petersen 2006; Okun et al. 2010; Reimer et al. 2014; Zhao et al. 2016) , visual (Bennett et al. 2013; Polack et al. 2013; Reimer et al. 2014) , and auditory (Schneider et al. 2014; Zhou et al. 2014 ) areas, the primary motor area (Zagha et al. 2013) , as well as the medial prefrontal cortex (mPFC; Okun et al. 2010; Fujisawa and Buzsaki 2011; Parker et al. 2014; Karalis et al. 2016 ). In particular, recent studies by our team and others have correlated the membrane potential of cortical neurons in the awake mouse with motor activity (whisker movements or locomotion). These studies have revealed complex cortical dynamics in the primary sensory areas with a clear state change related to motor activity (Crochet and Petersen 2006; Bennett et al. 2013; Polack et al. 2013; Reimer et al. 2014; Schneider et al. 2014; Zhou et al. 2014; Zhao et al. 2016) . This state change occurs as a transition from LF, high-amplitude (10-20 mV) membrane potential fluctuations that are highly synchronous between nearby neurons when the mouse is quiet, to low-amplitude, fast, and desynchronized membrane potential fluctuations at slightly more depolarized level during periods of motor activity (Poulet and Petersen 2008; Gentet et al. 2010; Zhao et al. 2016) .
However, to date little is known about the spatiotemporal organization of LF activities across cortical areas during wakefulness and to what extent LF activities are different during wakefulness and NREM sleep. To answer these questions, we have performed simultaneous local field potential (LFP) recordings from 5 to 6 targeted brain regions in chronically implanted head-fixed mice during wakefulness and NREM sleep. LF neuronal activities and state change can faithfully be reported using LFP (Poulet and Petersen 2008; Poulet et al. 2012 ). The cortical activity was correlated to the overall motor activity that was monitored by recording nuchal electromyogram (EMG). LFPs were targeted to sensorimotor cortical areas that are densely interconnected-the primary and secondary somatosensory areas (S1, and S2) and the primary motor area (M1) (Aronoff et al. 2010; Zingg et al. 2014; Suter and Shepherd 2015) -as well as sensory areas from different modalities-the primary visual (V1) and auditory (Au1) areas. We also targeted associative and higher order cortical areas which are not directly, or weakly, connected with the sensorimotor areas (Zingg et al. 2014) : we recorded from the parietal associative area (PtA), the mPFC, and the CA1 area of the dorsal hippocampus (dCA1).
Our study first confirmed the prominence of LF activities in most cortical areas during quiet wakefulness and a global cortical activation (i.e. low LF/HF ratio) during active wakefulness, but we also found regional specificities, with a stronger expression of LF activities during quiet wakefulness, and a more pronounced state change during active wakefulness, in somatosensory, and motor areas (S1, S2, and M1). The mPFC showed a prominent and narrow band LF (2-6 Hz) oscillatory activity during quiet wakefulness, which slightly increased in frequency during active wakefulness. We also observed transient desynchronization of cortical states between cortical areas, with spatially restricted occurrence of LF activities and activation. During NREM sleep, LF activities increased in all cortical areas compared with wakefulness. However, we found that the amount of slow-wave activity (SWA) (0.25-2 Hz), a marker of slow-wave sleep, fluctuated in each cortical area with overall little synchrony between cortical areas. Also surprising, despite the general increase in LF activities during NREM sleep, the interareal coherence in this frequency domain strongly decreased compared with wakefulness, except for areas that are strongly coupled via direct corticocortical connections (S1, S2, and M1). Interestingly, the highest levels of coherence in the LF range were found during active wakefulness, with very strong coherences between mPFC or PtA and the other cortical areas. Our results thus reveal an important and fast reorganization of long-range functional connectivity in the LF domain consistent with a state of high cortical integration during active wakefulness and a breakdown of cortical integration correlated with loss of consciousness during NREM sleep.
Materials and Methods

Animal Preparation
All procedures were approved by the University of Lyon 1 Animal Care Committee (project DR2013-4) and were conducted in accordance with the French and European Community guidelines for the use of research animals. All efforts were made to minimize the number of animals used and their suffering. Eighteen adult male C57BL/6 mice (Janvier SAS, St. Berthevin, France; 6-8 weeks old at the time of surgery) were anesthetized with isoflurane supplemented with a mixture of N 2 O and O 2 . Carprofene (subcutaneously, 5 mg/kg) was administered during the surgery. Subcutaneous injections of saline (0.10-0.15 mL NaCl 0.9%) were administered every hour during the surgery to prevent dehydration. A heating blanket maintained the rectally measured body temperature at 37°C. The head of the mouse was fixed in a stereotaxic apparatus (Kopf) using ear-bars. The skin overlying the cortex was removed and the bone gently cleaned. Five to six high-impedance sharp tungsten microelectrodes (10-12 MΩ, 75 µm shaft diameter, from Frederick Haer & Co., FHC, United States of America) were stereotaxically implanted individually using interaural coordinates (Paxinos and Franklin 2008) . The recording sites included the barrel field of the primary somatosensory cortex (S1; AP 2.8, lat 3.2, depth from surface 0.5); the secondary somatosensory cortex (S2; AP 3.1, lat 4.0, depth from surface 0.8); the primary motor area (M1; AP 5.1, lat 1.8, depth from surface 0.4); the primary auditory cortex (Au1; AP 1.3, lat 4.0, depth from surface 0.6); the primary visual cortex (V1; AP 0.5, lat 2.5, depth from surface 0.4); the PtA (AP 1.8, lat 1.8, depth from surface 0.4); the prelimbic area of the mPFC (AP 5.7, lat 0.3, depth from surface 1.85), and the dCA1 (AP 1.3, lat 2.0, depth from surface 1.3). Small craniotomies (~300 µm in diameter) were performed to allow the insertion of each electrode that was slowly lowered vertically to the recording depth. For neocortical areas, the tip of the electrode was lowered to a depth of 300-400 µm from the pia. For hippocampus, we targeted the stratum radiatum of dCA1. When in position, the electrodes were glued to the skull (Cyanoacrylate adhesive, Sigma Aldrich) and cemented using acrylate dental cement (Palavit). Each electrode was then soldered to a small electric connector. In addition, 2 conventional surface EEG electrodes were implanted onto the duramater over the parietal (AP 2.0, lat 1.5) and frontal areas (AP 5.3, lat 1.5) of the contralateral hemisphere. Two electrodes were inserted in the neck muscles for nuchal EMG recordings. Two silver wires were inserted on both sides of the cerebellum for reference and grounding. A light-weight metal head-post was also cemented to the skull allowing painless head-fixation during recording sessions (Crochet 2012) . At the end of the recording sessions, the animals were deeply anesthetized with pentobarbital (60 mg/kg; intraperitoneally). Small electrolytic lesions were performed to localize the position of each electrode. The animal was then transcardially perfused with 4% paraformaldehyde (PFA). The brain was removed and postfixed in 4% PFA. Brain sections of 100 µm were cut to identify the recording sites.
Habituation and Recordings
After 3-5 days of recovery from surgery, the mice were progressively habituated to head-restrain conditions, with habituation sessions gradually increasing from 10-30 min to 2-3 h. At the end of each session, the mice were rewarded with few drops of sweet water. Recording sessions started after 1-2 weeks of habituation, when the first NREM sleep episodes were observed. The mice were housed in their home cage on 12 h light/dark cycle (light-on at 7 AM) with water and food being available at libitum and ambient temperature maintained at 22 ± 2°C. Recordings were performed during the light period (between 12 AM and 5 PM) in an electrically shielded recording chamber, at same ambient temperature (22 ± 2°C) in semidark light condition. Each electrode was connected to the head-stage of the amplifier (custom modified Model 3000 AC/DC Differential Amplifiers, A-M Systems, United States of America). LFPs were recorded using 1 of the 2 silver wires implanted in the cerebellum as reference, the other wire being connected to the ground. EEG and EMG were recorded differentially. Signals were band-pass filtered between 0.1, and 1000 Hz for the LFPs and EEG, and 10, and 20 00 0 Hz for the EMG. The signals were digitalized and recorded at 1 kHz on a Vision XP (LDS Nicolet). To estimate a possible contamination of the LFP by the EMG, in 4 mice we recorded broadband (0.1-20 000 Hz) LFPs and EMG signals during wakefulness. For those recordings, the signals were digitalized and recorded at 2 kHz.
In half of the mice (n = 9), we performed simultaneous recordings of the LFP and EMG with high-speed video filming of the whisker movements. To facilitate whisker tracking, all the whiskers except the C2 whisker were trimmed on both sides under light isoflurane anesthesia. After full recovery (2-3 h), the mouse was positioned on the set-up for recording. Whisker movements were filmed at 200 fps. Electrophysiological recordings and video synchronization were performed using an ITC-18 analog-to-digital converter under the control of IgorPro. Thirty seconds long epochs were recorded and filmed during the session. A custom written routine (from C. Matéo, Laboratory of Sensory Processing, EPFL, Lausanne) running under IgorPro was used to automatically track the whisker position offline.
Database
Simultaneous LFP activities were recorded in 18 awake headrestrained mice from 5, or 6 of the following cortical areas: the whisker field of the primary (S1, n = 17) and secondary (S2, n = 9) somatosensory areas; the primary visual (V1, n = 8) and auditory (Au1, n = 8) areas; the primary motor cortex (M1, n = 8); the PtA (n = 8); the prelimbic area of the mPFC (n = 11); and dCA1 (n = 17). In 8 mice we targeted S1, S2, M1, mPFC, and dCA1. In 6 mice, we targeted S1, Au1, V1, PtA, mPFC, and dCA1. In 2 mice, we targeted S1, S2, PtA, mPFC, dCA1, and Au1, and in 2 other mice we targeted S1, S2, PtA, mPFC, dCA1, and V1. The recordings used for analysis were selected based on histological verification and the absence of artifacts. Six sites out of 100 could not be verified by histology but have been included in the analysis based on the location of the other sites in the same mouse and the similarity of recorded activity compared with identified sites in other mice.
Data Analysis and Statistics
Data analysis was performed using custom written routines under IgorPro (Wavemetrics) and Matlab (MathWorks). The recordings were first examined by visual inspection to extract periods of wakefulness and NREM sleep based on standard scoring using EEG and EMG (Valatx 1971; Franken et al. 1998; Parmentier et al. 2002; Takahashi et al. 2006) . Wakefulness was defined by high and phasic EMG activity and low 1-5 Hz EEG activity, that contrasted with periods of NREM sleep defined by low and regular EMG activity and high 1-5 Hz EEG activity. Transition periods of drowsiness and intermediate sleep, as well as episodes of rapid-eye movement sleep were discarded, so that the epochs of wakefulness and NREM sleep selected for analysis showed a clear separation (see Supplementary Fig. 1 ). All the epochs of wakefulness or NREM sleep from the different recording sessions of a same mouse were then pooled together for analysis. The total duration of the selected epochs of wakefulness and NREM sleep used for analysis varied depending on each mouse tendency to fall asleep during the recording session. On average, the total recording duration analyzed was 2689 ± 820 s for wakefulness and 1641 ± 745 s for NREM sleep (mean ± SD).
To extract the amplitude envelop of the LF activities of the LFPs, we first band-pass filtered the LFPs (1-10 Hz), then extracted the instantaneous amplitude using Hilbert transform. The instantaneous amplitude was low-pass filtered (0-1 Hz) to extract the LF envelop. The variability of the LF amplitude was assessed as the coefficient of variation (CV) of the LF amplitude envelop. To assess possible multistates, we computed the bimodality coefficient (b) of the distribution of the LF amplitude envelop using the estimation for a finite sample:
where b is the bimodality coefficient, g is the sample skewness, k is the sample excess kurtosis, and n is the sample size. b reaches a maximum value of 1.0 for a perfect bimodal distribution and has a value of 0.333 for a unimodal Gaussian distribution. In previous studies, we have used whisker movements to assess the behavior of the mouse (Crochet and Petersen 2006; Poulet and Petersen 2008; Gentet et al. 2010 ). However, highspeed video filming is not adapted to long, continuous recording. We therefore used instead nuchal EMG recording to assess the overall motor activity. In 9 mice, we verified that the nuchal EMG is a good estimator of motor activity by simultaneously filming the whisker movements and recording the EMG (Fig. 1A) . To directly compare the EMG and whisker movements, we measured the correlation between the standard deviation (σ) of the whisker position and the logarithm of the σ of the EMG (Fig. 1B) . For every mouse, we found a strong and significant correlation between whisker movements and EMG activity. Thus, the nuchal EMG is a good indicator to assess overall motor activity and can be used to classify quiet and active periods of wakefulness.
The classification as quiet and active wakefulness was performed automatically. The instantaneous EMG amplitude was computed using a Hilbert transform that was low-pass filtered (0-10 Hz). A threshold was applied to score periods of low or high EMG activity. Consecutive periods of low activity were merged if separated by less than 30 ms of high EMG activity. Consecutive periods of high EMG activity were merged if separated by less than 500 ms of low EMG activity. Four seconds time windows were then classified as quiet wakefulness or active wakefulness if the EMG activity was scored as low or high, respectively, during the entire time window after merging process.
In many mammal species, NREM sleep can be subclassified in different stages from light NREM sleep occurring just after transition from drowsiness to NREM sleep and characterized by high sleep spindle activity (10-15 Hz), to deep NREM sleep characterized by high-SWA (0.25-2 Hz) (Steriade et al. 1991; Aeschbach and Borbely 1993; Steriade and Amzica 1998; Gervasoni et al. 2004 ). In rodents, however, this classification is movements (σ WP) and EMG activity (log σ EMG) computed for 2 s time-windows from the example recording above were highly correlated (Pearson correlation coefficient, r = 0.85; t statistics, P = 1.02e-108). Bottom-right, in all simultaneous whisker filming and EMG recording, we found a high and significant correlation between whisker movements and EMG activity (n = 9 mice, linear correlation with t statistics, P < 1e−43; r = 0.74 ± 0.10, mean ± SD). (C) Example of a simultaneous recording of EMG and LFPs from dCA1, mPFC, M1, S2, and S1 from the same mouse during active (gray shading) and quiet wakefulness and NREM sleep. (D) Example of simultaneous recording of EMG and LFPs from dCA1, mPFC, PtA, V1, Au1, and S1 from another mouse. LFPs in panels C and D were band-pass filtered between 0.25 and 100 Hz. more difficult and light and deep NREM sleep appear more as a continuum with increasing amount of SWA (Gervasoni et al. 2004) . We thus subclassified NREM sleep epochs according to the amount SWA. For each LFP, we quantified the amount of SWA as the mean amplitude of the Fast Fourier Transform (FFT) in the slow (0.25-2 Hz) frequency band using 4 s sliding windows with steps of 2 s. The SWA was z-scored for each LFP and a global SWA index was computed as the average of the z-scored SWA computed for each LFP recorded from a given mouse. Four seconds time windows of NREM sleep epochs were then subclassified as low-and high-SWA if they belong to the lower (0-25%) or higher (75-100%) quartile of the distribution of the global SWA index.
Spectral analysis was performed on raw LFP recordings by computing the FFT amplitude using a Hamming window for 4 s time-windows for each recording site and each behavioral state (active wakefulness, quiet wakefulness, and NREM sleep). The FFT mean amplitude for the LF band (1-10 Hz) and the LF over HF ratio were computed on single 2, or 4 s time-window FFTs. The LF/HF ratio was computed as the ratio of the mean FFT amplitudes in the LF (1-10 Hz) and HF (30-90 Hz) bands, respectively. FFTs, mean FFT amplitudes, and LF/HF ratios were averaged for each mouse, recording site, and behavioral state. Grand averages were computed by averaging individual averages across the population.
Interareal correlation of cortical states during wakefulness was assessed by computing the LF/HF ratio for each LFP as the ratio between the LFP amplitude in the LF band and the amplitude in the HF band using Hilbert transform after band-pass filtering (1-10 Hz for LF and 30-90 Hz for HF). Cross-correlograms of the LF/ HF ratio were computed for each pair of recording sites in each mouse. The correlation was taken as the peak amplitude of each correlogram and was averaged across mice.
To evaluate the synchronization of cortical activities across areas, we computed the mean coherence between each recording site in the different behavioral states and then averaged across mice. The coherence in a given frequency band was taken as the mean coherence within this frequency band. To compute the mean coherence between 2 cortical areas for a given state of vigilance (active wakefulness, quiet wakefulness, and NREM sleep), we first concatenated all the epochs corresponding to this state. The coherence was then computed using 4 s time windows as the cross-power spectra of the 2 signals using the following formula:
where X(f) and Y(f) are the Fourier transform of the 2 signals x(t) and y(t) coming from 2 different areas, while the sign star corresponds to the complex conjugate. The mean of the cross-spectra between X(f) and Y(f) (numerator) is normalized by the total variability in the frequency domain (denominator). To estimate the noise level in our coherence measurements, we also computed the coherence between LFPs for each mouse and behavioral state after shuffling the 4 s time windows between LFPs. In 4 mice, we also assessed the coherence between the broadband recorded LFPs and EMG during wakefulness. The correlation between whisker movements and EMG activity was assessed using parametric Pearson correlation with t statistic. For all the other comparisons, we used nonparametric statistical tests. Comparisons between states were done using Wilcoxon signed-rank test with Bonferroni correction when more than 2 states were compared. Multiple comparison between cortical areas was done using Kruskal-Wallis test followed by Dunn-Holland-Wolfe test. The correlation between LFP LF/HF ratio and EMG activity was assessed using Spearman rank correlation test and a Fisher z-transformation was applied to the Spearman rank correlation coefficient (Rs) before performing a Kruskal-Wallis test followed by Dunn-Holland-Wolfe test to compare correlations between areas.
Results
LF Cortical Activities in the Awake and Sleeping Mouse
To assess the expression of LF activities across cortical areas and behavioral states, we performed simultaneous LFP recordings from 5 to 6 cortical areas in awake and sleeping head-fixed mice (Fig. 1A) . Using different configurations of electrode implantations, we recorded several close and distant areas in sensory cortices (S1, S2, V1, and Au1), motor cortex (M1) and associative and higher order cortices (PtA, mPFC, and dCA1). To correlate cortical activities with the mouse overall motor activity, we recorded the nuchal EMG. In 9 mice, we performed simultaneous LFP and EMG recording and high-speed video filming of whisker movements. We found that EMG activity was well correlated with whisker movements and therefore could be used to monitor the mice behavior (Fig. 1B) . Each mouse was recorded over several 2-3 h recording sessions during which they spontaneously went through periods of quiet and active wakefulness and periods of NREM sleep showing different patterns of cortical activities ( Fig. 1C and D) . We specifically quantified LF activities in the LFPs by computing the instantaneous amplitude of the band-pass filtered (1-10 Hz) LFPs using Hilbert transform ( Fig. 2A) . We observed that the mean and distribution of the amplitude of LF activities varied across behavioral states and cortical areas (Fig. 2B) . Compared with wakefulness, the amplitude of LF activities increased significantly in all cortical areas during NREM sleep (Fig. 2C, top) . LF activities showed less variability (lower CV) during NREM sleep in most sensory and motor areas but higher variability in PtA and mPFC (Fig. 2D, top) . Across areas, LF activities had highest amplitude in S1, and S2, both during wakefulness and NREM sleep (Fig. 2C, bottom) . The variability of LF activities was the highest in S1, S2, M1, and V1 during wakefulness and in mPFC during NREM sleep (Fig. 2D, bottom) . During wakefulness, we observed a clear tendency toward bimodal distribution of the amplitude of LF activities in some areas (Fig. 2B) . We thus computed the bimodality coefficient of the distribution of amplitude (see Materials and Methods) for each recording site and state of vigilance. During NREM sleep, the bimodality coefficient was close to that of a unimodal Gaussian distribution (0.33) for most areas, whereas during wakefulness, the bimodality coefficient was significantly higher for S1, S2, M1, and V1 (Fig. 2E) . Thus, overall, LF activities had lower amplitude but appeared more variable over time and across cortical areas during wakefulness than during NREM sleep.
The bimodal distribution of the amplitude of LF activities in S1, S2, M1, and V1 during wakefulness reflects certainly state changes occurring during quiet and active wakefulness in these areas (Crochet and Petersen 2006; Bennett et al. 2013; Polack et al. 2013; Zagha et al. 2013; Reimer et al. 2014) . To define more precisely to what extent cortical activities changed across areas and behavioral states, we subclassified the recordings during wakefulness according to EMG activity, as active wakefulness and quiet wakefulness, and computed the averaged FFTs for each state (Fig. 3 and see Supplementary Fig. 2 ). Although LF activities dominated all states, LF increased from active to quiet wakefulness in all areas, except for the mPFC (Fig. 3B and see Supplementary Fig. 3 ). LF activities during quiet wakefulness occurred as a broadband irregular activity in most areas ( Fig. 3A and see Supplementary Fig. 4 ). In the mPFC, however, a clear oscillatory activity with narrower frequency band (2-6 Hz) was very prominent during quiet wakefulness and could persist with a slightly higher peak frequency during active wakefulness ( Fig. 3A and see Supplementary Fig. 4 ). Theta activity clearly dominated hippocampal (dCA1) activity during active wakefulness and persisted during quiet wakefulness, but with additional lower frequency activity (Figs1, and 3A and see Supplementary Fig. 4) . Overall, the oscillatory activity in mPFC had a lower peak frequency than that in dCA1; however, during some epochs of active wakefulness, the oscillatory activity in mPFC could transiently shift toward the theta frequency of the hippocampus (see Supplementary Fig. 4 ). During NREM sleep, LF activities increased in all cortical areas in a broad frequency band with a peak frequency between 0.5 and 1 Hz reflecting SWA ( Fig. 3A and see Supplementary Fig. 3 ). We also observed a marked increase in the alpha frequency band (10-15 Hz) reflecting sleep spindle activity. Interestingly, gamma activity (30-90 Hz) did not decrease during NREM sleep compared with quiet wakefulness in most cortical areas except the mPFC (see Supplementary Normalized histograms showing the distribution (probability, P) of the amplitude of LF activities for all W (red) and NREM (blue) epochs from the mouse shown in panel A. The amplitude of LF activities had different distribution across cortical areas and states of vigilance. (C) Mean amplitude of LF activities for each area and state (blue, NREM; red, W). Quantified across the population, LF cortical activity had significantly higher mean amplitude during NREM than during W in all cortical areas (Top panel). LF activities had higher amplitude in S1, and S2 compared with the other areas, especially during wakefulness (Bottom panel). (D) The variability of LF activities was measured as the CV of the amplitude. The CV of LF activities amplitude was higher during W than during NREM in S1, S2, M1, and V1, and was lower during W than during NREM in PtA and mPFC (Top panel). Overall, the CV of the amplitude of LF activities was more homogeneous across cortical areas during NREM than during W (Bottom panel). (E) The bimodality coefficient of the distribution of LF activities amplitude was computed for each area and state of vigilance. S1, S2, M1, and V1 had a more bimodal distribution during W than during NREM (Top panel). During NREM, the bimodality coefficient was more homogeneous across areas and closer to the bimodality coefficient of a Gaussian distribution (0.33) (Bottom panel). Values are mean ± SD. Statistical comparisons between W and NREM were assessed with Wilcoxon signed-rank test: *P < 0.05; **P < 0.01; ***P < 0.001; and P > 0.05 when not indicated. Statistical comparisons between areas were assessed using KruskalWallis test followed by Dunn-Holland-Wolfe, P < 0.05. Fig. 3 ), in good agreement with previous studies showing high gamma activity during the active phase (or up-state) of the slowoscillation under anesthesia or natural NREM sleep (Steriade et al. 1996; Isomura et al. 2006; Mukovski et al. 2007; Mena-Segovia et al. 2008; Le Van Quyen et al. 2010 ).
State Change Across Cortical Areas During Wakefulness
In some areas, LF activities increased only moderately (or even decreased in mPFC) during quiet wakefulness compared with active wakefulness. However, the ratio between LF and HF activity increased significantly in all areas (Fig. 3B) . We thus used the LF/HF ratio as a measure of local cortical activation to investigate the dynamic of the state change across cortical areas during wakefulness (Fig. 4) -a low LF/HF ratio indicating cortical activation and a high LF/HF ratio indicating cortical deactivation. We first investigated the correlation between the state change in each area and the motor activity. We computed the LF/HF ratio and motor activity (log σ EMG) for consecutive 2 s time windows. Plotting the LF/HF ratio against the EMG activity for S1, or S2 revealed a nonlinear relationship with a wide distribution of LF/HF ratio for low motor activity and a narrower distribution in the lower range of the LF/HF ratio for high motor activity (Fig. 4B ). This result confirms recent studies indicating that activated cortical state (i.e. low LF/HF ratio) is dominant during active wakefulness, but that both activated and deactivated states can be observed during quiet wakefulness (Reimer et al. 2014; Urbain et al. 2015; Vinck et al. 2015; McGinley et al. 2015a ). We used nonparametric Spearman correlation to evaluate the link between cortical and motor activity. We found a significant negative correlation between the LF/HF ratio and motor activity for all cortical areas, confirming that overall, high motor activity correlates with cortical activation in all cortical areas (Fig. 4C) . However, we also found differences between cortical areas, with LF activities being significantly more correlated to motor activity in S1, and S2 than in mPFC, V1, and dCA1 (Kruskal-Wallis test followed by Dunn-Holland-Wolfe test after Fisher z-transformation of Spearman rank correlation coefficient, P < 0.05). This latter observation led us to investigate the synchronization of cortical states across areas. We thus directly computed the cross-correlation of the instantaneous LF/HF ratio (Fig. 4A) between pairs of simultaneously recorded areas (Fig. 4D) . We found consistent differences between pairs across the population, with some areas showing strong synchronization of the brain states and others showings only moderate synchronization (Fig. 4E) . Strong synchronizations were observed between the areas S1, S2, and M1, between PtA, and dCA1, V1, and Au1, and between S1, and Au1. Lowest synchronizations were found (1-10 Hz) over HF (30-90 Hz) ratio (bottom, LF/HF, same color coding). Two epochs of wakefulness from the same mouse are shown. LFPs were band-pass filtered (1-100 Hz) and normalized in amplitude (z-score). The blue arrow-head indicates a period of deactivation in S1, and S2, and activation in V1, and PtA; red arrow-heads indicate periods of activation in S1, and S2, and deactivation in V1, and PtA. (B) LF/HF ratio vs EMG activity (Log σ EMG) for S1, and S2 (same mouse as panel A, all wakefulness epochs, each point is a 2 s time window). The black arrow-heads indicate epochs of cortical activation (low LF/HF ratio) during quiet W (low EMG activity). between mPFC and the other areas (Fig. 4E) . Thus, although cortical states were overall synchronized across cortical areas (Fig. 4A , left panel), transient desynchronization did occur. The right panel of Figure 4A shows a typical example of cortical state desynchronization with S1, and S2 being deactivated while V1, and PtA are activated (blue arrow-head) or V1, and PtA showing high LF activity while S1, and S2 are activated (red arrow-heads). These episodes of transient cortical state desynchronization occurred typically during quiet wakefulness.
SWA Across Areas During NREM Sleep
Although NREM sleep appeared to be a more homogeneous state compared with wakefulness, we observed variable expression of SWA (0.25-2 Hz) across time and areas during NREM sleep (Fig. 5A) . We therefore investigated whether SWA varied synchronously across areas or locally. We computed the normalized SWA amplitude for each recording site (Fig. 5B) and measured the correlation between simultaneously recorded areas (Fig. 5C ). We found that overall SWA fluctuations were only poorly synchronized across areas, with periods of high SWA occurring at different times ( Fig. 5A and B) . The level of correlation between areas also varied across pairs: the strongest correlations of SWA were found between associative and high-order areas (mPFC, PtA, and dCA1) and between somatosensory and motor areas (S1, S2, and M1); the lowest levels of correlation were found between somatosensory and associative areas (Fig. 5D) . Thus, although NREM sleep is often regarded as a state of highly synchronous cortical activity, the expression of SWA indicates a more local regulation of cortical activities during NREM sleep.
Long-Range Synchrony of LF Activities Across Behavioral States
We found that the LF activities varied in amplitude across cortical areas and behavioral states, with an overall increase in LF activities from active wakefulness to quiet wakefulness and from quiet wakefulness to NREM sleep. We next used coherence analysis to investigate how LF activities organized between cortical areas across behavioral states (Fig. 6A) . We first verified to what extend the coherence between LFPs could be contaminated by EMG activity. In 4 mice, we recorded the LFPs and EMG broadband (0.1-20, 000 Hz) during wakefulness and computed the coherence between LFPs and between the LFPs and EMG (see Supplementary Fig. 5 ). We found that the level of coherence between the LFPs and EMG was very low (<0.025) and close to chance level (see in Fig 6B the coherence from shuffled LFP data) between1, and 70 Hz and had only minor impact (<0.07) below 1 Hz or above 70 Hz (see Supplementary  Fig. 5 ). When computing coherence from shuffled LFP data, we also observed a nonspecific increase in the mean coherence below 0.5 Hz (Fig 6B) . We thus focused our quantitative analysis of the LFP coherence between 0.5 and 70 Hz. We computed the mean coherence between pairs of simultaneously recorded LFPs for active wakefulness, quiet wakefulness, and NREM sleep ( Fig. 6A and see Supplementary Fig. 6 ). The grand-average coherence computed across all mice and recording pairs revealed a high interareal coherence in the LF band during active and quiet wakefulness with 2 distinct peaks in the delta (2-5 Hz) and theta (5-10 Hz) frequency bands, respectively (Fig. 6B) . Surprisingly, a strong decrease in the coherence in the LF band was observed during NREM sleep (Fig. 6B) . We also observed a specific decrease in the coherence in a narrow gamma band around 60 Hz during NREM sleep, compared with active and quiet wakefulness.
When considering the changes in mean coherence in the LF band (0.5-10 Hz) for specific pairs, we could identify 3 groups: in the first group, the coherence decreased from active to quiet wakefulness but increased from quiet wakefulness to NREM sleep (Fig. 6C, red) ; in the second group, the coherence changed only moderately from active to quiet wakefulness but decreased strongly from quiet wakefulness to NREM sleep (Fig. 6C, yellow) ; in the last group on the contrary, the coherence decreased strongly from active to quiet wakefulness but only moderately from quiet wakefulness to NREM sleep (Fig. 6C, gray) . Interestingly, this classification did not yield to any random pattern of connections but in fact revealed a clear organization of the cortical areas (Fig. 6D) : the areas showing persistent or even increased coherence in the LF band during NREM sleep as compared with quiet wakefulness are the somatosensory and motor areas (S1, S2, and M1) that are strongly interconnected (Fig. 7A, B, S-M) . The other areas (V1, Au1, PtA, mPFC, and dCA1) maintained a high level of coherence in the LF band during quiet wakefulness, but the coherence dropped during NREM sleep (Fig. 7A, B , not S-M). The coherence between these 2 groups dropped already during quiet wakefulness as compared with active wakefulness (Fig. 7A ,B, S-M to not S-M). Thus, when going from active wakefulness to quiet wakefulness and then to NREM sleep, we observed a progressive functional disconnection of distant cortical areas that affects first the link between sensorimotor areas (S1, S2, and M1) and the other areas, then all the areas that are not directly synaptically connected ( Figs 6D and 7) . The same analysis for the gamma band around the peak of coherence during wakefulness (52-62 Hz) did not reveal any particular pattern of connectivity (Fig. 6C ), but interestingly, the coherence in this frequency band was overall maintained during quiet wakefulness and dropped during NREM sleep for all cortical areas, including sensorimotor areas (Fig. 7) . This result suggests that long-range cortical coherence in the gamma band is a good general marker of wakefulness.
As SWA varies during NREM sleep (see Fig. 5 ) and could significantly impact the functional connectivity between cortical areas, we investigated whether the overall level of cortical SWA had any significant impact on interareal LFP coherence. We thus selected NREM sleep epochs with low-or high-SWA (see Materials and Methods) and compared the cortical activity to that of quiet wakefulness. The cortical activity during NREM sleep epochs with low-SWA differed clearly from that recorded during quiet wakefulness, with a particular increase in amplitude in the alpha (10-15 Hz) frequency band in agreement with high spindle activity during light NREM sleep. During epochs of NREM sleep with high-SWA, a marked increase in amplitude was observed in the slow (0.25-2 Hz) frequency band in all cortical areas, but little or no difference was observed between low-SWA and high-SWA epochs in the other frequency bands (see Supplementary Fig. 7 ). We then compared the interareal coherence computed for quiet wakefulness, NREM sleep, and epochs of high-SWA (see Supplementary Fig. 8 ). We observed slightly higher levels of coherence during high-SWA epochs compared with NREM sleep throughout the LF bands and across all cortical areas. However, despite these higher levels of coherence, the coherence in the LF bands during high-SWA epochs was still significantly lower than that of quiet wakefulness for the nonsomatosensory or motor areas (not S-M areas) and between the somatosensory or motor areas and the other areas (S-M to not S-M areas), thus confirming the overall drop of coherence in the LF bands during NREM sleep between areas that are not directly connected, regardless of the SWA.
Modulation of Interareal Coherence Across Cortical Areas
We then investigated the coherence between specific pairs of cortical areas. Figure 8 shows connectivity graphs built from the mean coherence between cortical areas for each frequency band of interest (slow 0.5-2 Hz; delta 2-5 Hz; theta 5-10 Hz; gamma peak 52-62 Hz) and each behavioral state (active wakefulness, quiet wakefulness, and NREM sleep). These connectivity graphs reveal that some areas appeared to be more strongly connected to others (Fig. 8A) . Overall, we found consistently high levels of coherence between PtA and mPFC and between PtA and dCA1 in all frequency bands during wakefulness. A high level of coherence persisted during NREM sleep between PtA and mPFC in the slow-frequency band and between PtA Black frames indicate the frequency bands for quantification in Figure 7 . (C) Mean coherence computed across the population for each pair of cortical areas for the LF (0.5-10 Hz) and gamma peak (52-62 Hz) frequency bands and normalized to AW. Color coding indicates 3 groups of paired areas with different changes in coherence in the LF band relative to AW: in red, group with a decrease of the mean coherence during QW, but increase from QW to NREM; in yellow, group with moderate change during QW, but a marked decrease from QW to NREM; in gray, group with a decrease of the mean coherence larger from AW to QW than from QW to NREM.
Same color coding is applied to the 52-62 Hz frequency band. (D) Connectivity diagram using the color coding of panel C. and dCA1 in the Gamma peak frequency band. During active wakefulness, PtA had the highest mean coherence with all the other areas in all frequency bands (Fig. 8B) . To a lesser extent, we also found a strong coherence in the slow and delta frequency bands between mPFC and several sensory, motor, and associative areas suggesting that LF activities may play a major role in increasing the functional connectivity for close and distant cortical areas during active wakefulness (Fig. 8) . Together, these results point to an important functional reorganization of long-range cortical connections in the LF domain across behavioral states and are consistent with a decreased functional coupling between cortical areas during NREM sleep. These results are also in line with the idea that some cortical areas like PtA and mPFC are more widely Figure 7 . Area dependent change in coherence across behavioral states. (A) Grand-average coherences computed for the 3 groups of cortical sites: S-M, somatosensory and motor areas; not S-M, all areas except somatosensory and motor areas; S-M to not S-M, coherence between somatosensory or motor areas and all the other areas.
(B) Comparison of the mean coherence for 4 frequency bands across behavioral states (green, AW; dark-gray, QW and blue, NREM) and groups of cortical sites (all, all cortical areas; S-M; not S-M and S-M to not S-M). The LF band was further subdivided into slow (0.5-2 Hz), delta (2-5 Hz), and theta (5-10 Hz) frequency bands (black frames in Fig. 6B ). Values are mean ± SD. Comparisons between states (AW, QW, and NREM) were performed using Wilcoxon signed-rank test with Bonferroni correction: ns, nonsignificant; *P < 0.0166; **P < 0.0033; ***P < 0.0003. The total number of individual pair for each group is indicated in parentheses.
connected to other cortical areas than others and may serve as functional hubs to orchestrate cortical activities and large-scale information processing.
Discussion
We have investigated the expression of LF activities in active and quiet wakefulness compared with NREM sleep in several cortical areas of the mouse using multisite LFP recordings in combination with EEG and EMG. We found that in most cortical areas, LF activities increased in amplitude from active to quiet wakefulness and increased further from quiet wakefulness to NREM sleep. Important differences between areas were observed, particularly during wakefulness, with somatosensory and motor areas (S1, S2, and M1) showing the highest amplitude and variability in the LF band and with mPFC showing a clear narrow-band 2-6 Hz oscillation. We also confirmed and extended previous results from ours and other teams, showing a general state change from quiet to active wakefulness that was accompanied by an average decrease in LF activities in different sensory areas and a pronounced decrease in LF/HF ratio in all areas. Using LF/HF ratio as an index of cortical activation, compute the average coherence between one cortical site and all the other sites for AW in the 4 frequency bands. Right, the comparison of the average coherence across sites was assessed using Kruskal-Wallis test followed by Dunn-Holland-Wolfe test (red, P < 0.05; gray, nonsignificant, ns).
we found that the state changes between cortical areas were highly synchronized in the somatosensory and motor areas compared with the other areas. Transient desynchronizations of cortical states between distant areas were observed during quiet wakefulness. Similarly, during NREM sleep, fluctuations of the SWA were more strongly synchronized between somatosensory and motor areas and between associative and higher -order areas (PtA, mPFC, and dCA1) but were otherwise poorly correlated. Finally, we used coherence analysis to investigate the state-dependent changes in synchronization of cortical activities between areas. Surprisingly, we found that NREM sleep, which is characterized by strong and generalized LF activities across all cortical areas, showed poor long-range synchrony between areas in this frequency band. In contrast, the smaller amplitude LF activities during wakefulness showed high long-range synchrony. The change in long-range synchrony in the LF domain could thus reflect a change in functional coupling and cortical integration correlated to different states of arousal or consciousness.
Technical Considerations
In our study, LFP recordings have been performed in head-fixed mice to reduce movement artifacts that can be particularly problematic when recording with high-impedance electrodes in freely moving mice. To estimate a possible contamination of the LFP recordings by EMG or movement artifacts, we performed broadband LFP and EMG recordings and computed the coherence between LFPs and EMG. We found that EMG or movement activity had minimal impact on our LFP recordings between 1 and 70 Hz and only moderate impact below 1 Hz or above 70 Hz (see Supplementary Fig. 5 ), indicating that the contamination of the LFPs by EMG or movement artifacts is minimal in the frequency domain of interest in our study, and cannot explain the observed state-dependent changes in interareal coherence. It should be mentioned also that during quiet wakefulness, the mice are immobile and the EMG activity is low; therefore, movement artifacts or EMG contamination cannot account for the marked changes in LFP activity and coherence observed from quiet wakefulness to NREM sleep.
However, one may expect that restraining the movements of the mouse may significantly impact the overall cortical dynamics. Yet, recent studies performed in different cortical areas have shown that the cortical dynamic during quiet wakefulness (i.e., high-amplitude LF activities) and state change during active wakefulness that we report in our study are preserved in head-fixed mice running on a treadmill (Niell and Stryker 2010; Bennett et al. 2013; Polack et al. 2013; Reimer et al. 2014; Schneider et al. 2014; Zhou et al. 2014) or even in freely moving mice (Schneider et al. 2014) . In head-restrained mice, the strongest impact on the cortical activity and interareal synchronization appears to be due to the behavioral context rather than the restriction of head-movements (Sachidhanandam et al. 2013; Chen et al. 2016) . The interareal coherence could be stronger in animals navigating freely in their environment and/ or engaged in a task. Indeed, strong synchronizations of neuronal activity have been reported between the mPFC and hippocampus (Benchenane et al. 2010; Fujisawa and Buzsaki 2011; Place et al. 2016) or the primary somatosensory cortex and the hippocampus (Grion et al. 2016) in freely moving rodents engaged in a task for instance. Therefore, our findings regarding the state change during the transition from quiet to active wakefulness and changes in coherence between wakefulness and NREM sleep should not be drastically affected by our recording conditions. Yet, it would be important in future studies to investigate long-range interareal synchronization in mice involved in a task or during subsequent sleep (Miyamoto et al. 2016) .
LF Cortical Activities
Cortical LF activities, and especially in the slow (0.25-2 Hz) and delta (2-5 Hz) frequency bands, have long been associated with states of NREM sleep and anesthesia. LF activities are mainly cortically generated (Sanchez-Vives and McCormick 2000; Timofeev et al. 2000) and initiate in the infragranular layers of the cortex from where they propagate vertically to the entire column and laterally to neighboring columns (Sakata and Harris 2009; Chauvette et al. 2010; Beltramo et al. 2013; Stroh et al. 2013; Zhao et al. 2016) . Recent studies from ours and other teams have consistently reported high-amplitude LF (<10 Hz) activities during quiet wakefulness in different cortical areas of rodents, including somatosensory and motor areas (Crochet and Petersen 2006; Sobolewski et al. 2011; Zagha et al. 2013) , primary auditory and visual areas (Bennett et al. 2013; Polack et al. 2013; Reimer et al. 2014; Schneider et al. 2014; Zhou et al. 2014) , as well as parietal and prefrontal areas (Okun et al. 2010; Fujisawa and Buzsaki 2011; Vyazovskiy et al. 2011; Parker et al. 2014) . However, regional differences regarding the expression of LF activities during quiet wakefulness can be found in previous studies. LF activities seem more prominent during quiet wakefulness in somatosensory areas (Crochet and Petersen 2006; Sobolewski et al. 2011; Zagha et al. 2013 ) than in visual cortex (Bennett et al. 2013; Haider et al. 2013; Polack et al. 2013; Reimer et al. 2014 ). In the auditory cortex, LF activities have also been reported consistently in some studies (Schneider et al. 2014; Zhou et al. 2014) , but with more variability across neurons in another study (Hromadka et al. 2013 ). The regional differences found in previous studies could reflect areas specificities but could also be attributed to different experimental conditions across studies. To resolve this issue, we have recorded from different cortical areas simultaneously in the same mice and same experimental conditions. We indeed found regional differences in the expression of LF activities during quiet wakefulness, with strongest expression in the somatosensory and motor areas and lowest expression in the auditory and parietal areas. LF activities in sensory, motor, and parietal areas appeared as broadband irregular activities in contrast with the narrow-band oscillatory activity recorded in the mPFC. The different expressions of LF activities across cortical areas could result from different intrinsic properties of the neurons in given areas or different local connectivity.
Our study also confirms a prominent LF oscillation in mPFC with a clear peak between 2 and 6 Hz, similar to what have been described in freely moving rats (Fujisawa and Buzsaki 2011) . Interestingly, the LF oscillation in the mPFC often persisted during active wakefulness with a slight shift in the peak frequency toward 6 Hz. During short periods of very active behavior, we occasionally observed simultaneous theta oscillations in the hippocampus and the mPFC (see Supplementary  Fig. 4 ). Strong coupling of activity between the mPFC and the ventral hippocampus in the theta frequency band has been observed in rodents performing different behavioral tasks (Adhikari et al. 2010; Benchenane et al. 2010; Popa et al. 2010 ). In contrast with these studies, we recorded from the dorsal part of the hippocampus, which does not project directly to mPFC, and the mice were not engaged in any behavioral task and could not navigate in their environment. It is thus possible that stronger coherence between mPFC and dCA1 would be observed in mice navigating and/or performing a behavioral task.
The cortical activity observed during quiet wakefulness differed markedly from that of NREM sleep: we observed a further increase in LF activities in all cortical areas compared with quiet wakefulness, especially in the lowest frequency bands (<5 Hz) with a prominent peak around 1 Hz, reflecting the characteristic SWA (or slow oscillation) of NREM sleep (Steriade et al. 1993b; Achermann and Borbely 1997; Steriade and Amzica 1998) . We also observed an increase in the 10-15 Hz frequency band (see Fig. 3A and see Supplementary Fig.  7 ), reflecting sleep spindle activity (Contreras et al. 1997; Steriade and Amzica 1998; Huguenard and McCormick 2007) . Interestingly, we also found regional differences in the expression of LF activities during NREM sleep, similar to what has been recently reported during natural NREM sleep in the cat (Chauvette et al. 2011) . However, the amplitude of LF activity within NREM sleep episodes appeared more homogeneous than that of wakefulness in most cortical areas, suggesting a relatively homogenous brain state, compared with wakefulness.
There is clear evidence from previous studies that sensory areas undergo a major state change during transitions from quiet to active wakefulness with strong decrease in LF activities and reduction in membrane potential fluctuations (Crochet and Petersen 2006; Gentet et al. 2010; Bennett et al. 2013; Polack et al. 2013; Zagha et al. 2013; Reimer et al. 2014; Schneider et al. 2014; Zhou et al. 2014; McGinley et al. 2015a ). This state change could result from the simultaneous activation of thalamocortical inputs, cholinergic and/or noradrenergic inputs (Constantinople and Bruno 2011; Poulet et al. 2012; Pinto et al. 2013; Polack et al. 2013; Eggermann et al. 2014; Chen et al. 2015; Nelson and Mooney 2016) , as well as long-range cortical inputs from frontal areas (Zagha et al. 2013; Schneider et al. 2014; Zhang et al. 2014; Nelson and Mooney 2016) . Our data generally confirm the state change occurring during transitions from quiet to active wakefulness in most cortical areas with, on average, a prominent decrease in LF activities during active wakefulness, compared with quiet wakefulness. We also observed that activated cortical states (i.e., low LF/HF ratio) could occur during quiet wakefulness (Sobolewski et al. 2011; Reimer et al. 2014; Urbain et al. 2015; McGinley et al. 2015a) . Cortical activation during quiet wakefulness may reflect transitory periods of increased arousal, attention, or sensory processing (Vinck et al. 2015; McGinley et al. 2015a McGinley et al. , 2015b . In good agreement with a previous study in rats , we found that epochs of cortical activation or deactivation could sometime occur at a more local scale, resulting in temporary desynchronized cortical states across areas (see Fig. 4A ). Thus, multisite LFP recordings during wakefulness in the mouse reveal a much more complex spatiotemporal organization of cortical activation than EEG recordings. These results suggest that different parallel pathways are able to activate the cortex, either globally or more locally, depending on behavioral and environmental contexts (Lewis et al. 2015; Kim et al. 2016; Nelson and Mooney 2016) . It would be interesting in future studies to record simultaneously from thalamic nuclei of different modalities to assess whether the activity of thalamocortical neurons could be differentially modulated and explain uncorrelated regional activation at cortical level (Poulet et al. 2012; Lewis et al. 2015; Urbain et al. 2015) . Top-down activation from frontal areas may also impact on cortical states with regional specificity (Zagha et al. 2013; Schneider et al. 2014; Zhang et al. 2014 ).
Long-Range Synchrony in the LF Band
Functional coupling between distributed cortical areas through synchronized activities is supposed to play an important role for many cognitive processes, including sensory perception, attention, decision-making (Varela et al. 2001; Buzsaki and Draguhn 2004) , and support consciousness (Tononi and Massimini 2008; Boly et al. 2012) . Historically, wakefulness has been described as a state of HF and desynchronized cortical activity as opposed to NREM sleep described as a state of LF and synchronized cortical activity. However, latter-on, longrange synchrony in the HF band was found to be particularly prominent during wakefulness (Steriade et al. 1996; Destexhe et al. 1999 ) and especially during different cognitive processes, such as perception or attention (Jensen et al. 2007; Melloni et al. 2007) . In fact, long-range interareal correlation or coherence in the gamma frequency band has been found to be higher during wakefulness than during NREM sleep or anesthesia (Destexhe et al. 1999; Cantero et al. 2004; Del Cul et al. 2007; Hwang et al. 2013) . In this study, we confirmed these findings and found that the coherence between areas showed a clear peak in the gamma frequency band (around 60 Hz) during both active and quiet wakefulness that disappeared during NREM sleep.
Contrary to HF activities, long-range synchronization in the LF range was expected to be the highest during NREM sleep, due to the widespread expression of SWA across cortical areas (Amzica and Steriade 1995; Isomura et al. 2006; Volgushev et al. 2006; Busche et al. 2015) . However, it should be noted that the long-range coherence of slow cortical activities is reduced during NREM sleep compared with anesthetized animals (Chauvette et al. 2011; Busche et al. 2015) . In fact, during NREM sleep, cortical slow-waves occur mostly locally ) and propagate to other cortical areas following variable directions (Massimini et al. 2004 ). Thus, the relative phase of the slow-waves may vary across cortical areas and from cycle to cycle, resulting in an overall decrease in the long-range coherence and a functional uncoupling between distant cortical areas. In good agreement, an early study in humans has found that the coherence of EEG signals recorded during NREM sleep was high in the LF range between homologous interhemispheric derivations, but was low for intrahemispheric and nonhomologous interhemispheric derivations (Achermann and Borbely 1998) . In our study, we have found low coherence of LFPs in the LF range during NREM sleep between areas from the same hemisphere that are not directly synaptically connected, whereas the coherence between S1, S2, and M1-that are densely and reciprocally connected (Aronoff et al. 2010; Zingg et al. 2014; Suter and Shepherd 2015) remained high during NREM sleep. This finding is in good agreement with a recent study in rat showing a decrease in functional coupling between excitatory neurons from distant areas during NREM sleep compared with wakefulness (Olcese et al. 2016) . Our findings are also very consistent with other studies showing a marked decrease of the functional connectivity between cortical areas associated with loss of consciousness during NREM sleep or anesthesia (Massimini et al. 2005; Ferrarelli et al. 2010; Lewis et al. 2012; Bettinardi et al. 2015) . However, synchronized SWA between synaptically connected areas during NREM sleep may enable synaptic plasticity required for the formation of memory traces of information acquired during preceding wakefulness (Chauvette et al. 2012; Miyamoto et al. 2016) .
Because LF cortical activities are the hallmark of NREM sleep and anesthesia, the long-range cortical synchronization in the LF band during wakefulness and cognitive processes has been little studied. Recent studies, however, have pointed to important synchronization between cortical areas, in particular the prefrontal cortex and the hippocampus in the lowfrequency bands during behavioral tasks in monkeys and rats (Fujisawa and Buzsaki 2011; Nacher et al. 2013; Grion et al. 2016) . These recent studies suggest that important functional coupling between cortical areas may also occur in the LF domain during wakefulness. Importantly, because LF activities have higher energy and allow integration of neuronal activity on longer time scale, they might be more efficient in terms of information transfer than faster oscillations. Thus, the high synchrony of LF activities observed during wakefulness may support higher cortical integration necessary for cognitive processes.
Conclusions
All together our data support the idea that during NREM sleep, cortical deafferentation from thalamus and ascending neuromodulators leads to the generation of locally synchronized LF activities (Chauvette et al. 2010 ) with strong coupling between synaptically connected cortical neurons (Esser et al. 2007 ). Because slow oscillations can be generated locally at any cortical site and propagate to other cortical areas in any direction (Massimini et al. 2004) , distant cortical sites that are not directly synaptically coupled would often be out of phase thereby preventing efficient propagation of information across cortical areas (Massimini et al. 2005) . This is reflected by the low coherence in the LF band between cortical areas that are not directly connected. Therefore, NREM sleep is associated with high amplitude, LF activities with high local, but poor long-range synchrony (Olcese et al. 2016) . In contrast, wakefulness is associated with smaller amplitude LF activities with lower local (Poulet and Petersen 2008) , but higher long-range, synchrony (Olcese et al. 2016) . This long-range synchrony of LF activities may reflect a state of high functional coupling and integration between cortical areas. It is particularly interesting to note that the highest coherence observed during wakefulness involved particularly the parietal and prefrontal areas (PtA and mPFC). In good agreement with previous functional connectivity studies, our results suggest that these 2 cortical regions could be important cortical hubs (Honey et al. 2007; Buckner et al. 2009; Lim et al. 2012) . Through highly synchronized activity across distant cortical areas, PtA and mPFC may play an important role for attentional processes, multimodal sensory integration and memory. In good agreement, we found that the correlation between these 2 areas and with other cortical areas increased during active behavior, as compared with quiet wakefulness. In future studies, it would be of great interest to investigate long-range cortical synchronization in mice engaged in behavioral tasks.
Supplementary Material
Supplementary material can be found at: http://www.cercor. oxfordjournals.org/
